The interaction between tongue size/volume and craniofacial skeletal growth is essential for understanding the mechanism of specific types of malocclusion and objectively measuring outcomes of various surgical and/or orthodontic treatments. Currently available information on this interaction is limited. This study was designed to examine how tongue body volume reduction affects craniofacial skeleton and dental arch formation during the rapid growth period in five 12-week-old Yucatan minipig sibling pairs. One of each pair received a standardized reduction glossectomy to reduce tongue volume by 15-17% (reduction group), and the other had the reduction glossectomy incisions without tissue removal (sham group). Before surgery, five stainless steel screws were implanted into standardized craniofacial skeletal locations. A series of cephalograms, lateral and axial, were obtained longitudinally at 1 week preoperative, and 2 and 4 weeks postoperative. These images were traced using superimposition, and linear and angular variables were measured digitally. Upon euthanasia, direct osteometric measurements were obtained from harvested skulls. Five enbloc bone pieces were further cut for bone mineral examination by dual photon/energy X-ray absorptiometry (DEXA). The results indicate that: (1) while daily food consumption and weekly body weight were not significantly affected, tongue volume reduction showed an overall negative effect on the linear expansion of craniofacial skeletons; (2) premaxilla and mandibular symphysis lengths, and anterior dental arch width were significantly less in reduction than sham animals at 2 and/or 4 weeks after the surgery; (3) both premaxilla/maxilla and mandible bone mineral density and content were lower in reduction than sham animals, significantly lower in anterior mandible; (4) craniofacial skeletal and dental arch size were significantly smaller in reduction than sham animals, being most significant in the mandibular anterior length and ramus height, the anterior dental arch and midface width. These results suggest that reducing tongue body volume in young animals slows craniofacial skeletal growth and anterior dental arch expansion during rapid growth. The mandible, in particular its symphysis portion, and the anterior dental arch width are most affected. These effects may in part contribute to the decrease of functional loads in the anterior mouth by a volume-reduced tongue.
Introduction
The interaction between tongue size/volume and craniofacial skeletal growth is essential for understanding the mechanism of specific types of malocclusion and objectively measuring outcomes of various surgical and/or orthodontic treatments. Currently available information on this interaction is limited. Controversy as to whether the tongue adapts to existing oral morphology, or actively molds its surrounding tissues, is longstanding. 1-3 Although smaller than the variation of body mass, 4 the tongue size differences range from 15% to 29% in the normal population. 5-8 Unfortunately, no study has described a "normal tongue size or volume" or used direct measures to define a pathologically enlarged tongue. 9,10 Despite this, numerous clinical studies have claimed that tongue volume is correlated with multiple factors including: dentition position, 11-14 mandibular arch size and posture, 15,16 maxillary expansion, 17 vertical facial height 18 and combined horizontal and vertical location of chin and symphysis. 8 Others have rejected a role for tongue volume in mandibular prognathism and cranial size. 8, 19 On the other hand, tongue volume is integrated functionally with tongue position. 12
Prolonged low tongue position from oral breathing during critical growth period in children may initiate a sequence of events resulting in excessive molar eruption, causing a clockwise rotation of the growing mandible, a disproportional increase in anterior lower vertical face height, retrognathia, and open bite. A low tongue position may also impede lateral expansion and anterior maxillary development as the mandible rotates to a more downward position. [20] [21] [22] There is limited information about the effects of altering tongue volume/position on craniofacial growth and dental arch formation. Using rhesus monkeys, Harvold and his colleagues demonstrated that reducing tongue volume by partial glossectomy caused the dental arch to collapse lingually (crowding). 20, 23 Artificially lowering the tongue and mandible by inserting an acrylic block into the palatal vault or by obstructing the nostrils resulted in an anterior open bite, posterior crossbite (spacing) and increased tooth extrusion and facial height. 21, 24, 25 Another experiment on the effect of tongue volume on craniofacial morphology was performed in miniature pigs. They concluded that partial glossectomy in young animals caused reduction in mandibular length and width, but had no significant effect on mandibular vertical growth. 26-29 However, only cross-sectional osteometric data of mandibular growth after anterior regional glossectomy were obtained. No serial longitudinal cephalometric follow-ups, midfacial and cranial morphology, and bone mineralization measures were available and no functional consequences were reported in these studies. Therefore, using the well-established miniature pig model and widely used clinical approach of uniform tongue body volume reduction, 30 the present study was designed to examine how the volume-reduced tongue affects the growth of craniofacial skeletons including bone mass and mineralization, and dental arch formation. We hypothesized that a volume-reduced tongue would lead to negative effects on skeletal growth in young animals.
Materials and methods

Animal care
Five same-gender 12-week Yucatan miniature pigs (Sinclair Research Center, Columbia, MO) sibling pairs (three male and two female pairs), were used. Under aseptic conditions, five stainless steel screws (0.8 mm in diameter and 4 mm in length) were implanted into the following alveolar sites: one each between the upper and lower central incisors, one each near the roots of the left upper and lower second molars, and one above the same tooth of the right maxilla. Maxillary markers served as reference landmarks to ensure accurate superimposition of serial cephalometrics. The right and left molar alveolar bone markers served as a reference line for axial cephalograms. Each pair of sibling had the screw implantation at the same day. The tongue surgery was performed 9-10 days after the implantation. This procedure has been reported elsewhere. 31, 32 In brief, the bilateral incisions first diverged to meet the lateral margin anteriorly. Cutting diathermy was used to undermine and create lateral muco-muscular flaps and to excise a conical wedge (above the tongue neurovascular bundles) from the central tongue. The removed tongue muscular tissue uniformly reduced tongue volume in three dimensions (length, width and thickness). After hemostasis, the incision was closed in layers with absorbable sutures (Vicryl 4.0). The removed tongue tissue was preserved in a 50% alcohol solution. For the sham surgery, identical incisions were made and sutures placed, but without tissue removal (Fig. 1) . Surgery was performed on each pair of sibling on the same day, one to reduce the tongue volume by about 15% (reduction group), and the other, with incision only, without removal of tongue tissue (sham group). The actual changes of the tongue mass (volume and weight) after the surgery were measured postmortem, and the linear changes of the tongue dimensions (length, width and thickness) were measured using longitudinal tongue impressions (Table 1) . Slurry food was offered for 2-3 days postoperatively, followed by regular pig chow diet. Antibiotics (Clavamox suspension, 50 mg, Bid, Pfizer Animal Health, New York, NY) was given before and after surgery for 10 days. Each pair of siblings received tongue surgery at the same day. Animals were raised for 4 weeks postoperatively with weekly weighing, and were euthanized through cardiac injection of pentobarbital sodium (Beuthanasia D, Schering-Plough Animal Health Corp. Union, NJ). All procedures were approved by the IACUC of University of Washington.
Serial cephalometric radiographs and skull harvests
The initial caphalometric radiograph (baseline) was taken preoperatively and 2-3 days after metallic marker implantation (Fig. 2) . This procedure was repeated 2 and 4 weeks after tongue surgery. Pigs were mask-anaesthetized with isoflurane and placed on the X-ray table (Summit LX125V, Summit Industries Inc., Chicago, IL). The head of the pig was oriented by adjusting the occlusal plane parallel to the X-ray cassette margin and to the X-ray table surface for lateral and axial projections, respectively. The cross of X-ray central beam was always located at the medial canthus for lateral and the intersection between the line connecting bilateral medial canthus and the mid-sagittal lines for axial projections. A 10 × 12 inch X-ray film (Les Wilkins and Associate, Seattle, WA) was used. Radiation settings were as follows: Kvp: 61 (lateral) and 65 (axial); Ams: 15; Exposure: 3/20 s.
After euthanasia, the heads were dissected and cleaned of all soft tissues to exposure craniofacial sutures. The harvested skulls were stored in a freezer for further osteometric measurements.
Cephalometric, osteometric and dental measurements
The superimposition of longitudinal tracings using implanted screws was applied to corroborate accuracy. After film tracing, reference points were identified by one investigator (GGM) and landmark identification accuracy was confirmed by two secondary investigators (ZJL and VS). These tracings with marked reference points (Fig. 3) were digitized, and 16 linear and 14 angular variables on the lateral and 13 linear variables on the axial cephalometric radiographs were calculated automatically using a Macro program written in MS Excel (Microsoft Co. Redmond, WA, Table 1 ).
Osteometry of harvested skulls were performed using a digital calliper and a needle compass. The 21 osteologic landmarks for craniofacial skeletons and 6 dental landmarks for dental arches were defined which resulted in 33 linear variables (Fig. 4) .
The reliability of the above measurements was examined by the following approaches. First, of 10 harvested skulls and 60 cephalometric films, 4 skulls and 10 films were randomly selected and re-measured by a second investigator (ZJL), who was also responsible for identifying the reference points. A paired t-test showed that there were no significant differences between these two measurements. Second, the skulls and traced cephalometric radiographs were remeasured and re-digitized after 2-3-week interval by the two investigators (VS and ZJL) who performed the primary measurements and digitization. The error was calculated as 0.050-0.065 mm for the skulls, 0.05 mm and 0.30° for linear and angular variables of cephalometric radiographs using Dahlberg formula ( ). 33
Measurements of bone mineral components
After the completion of skull measurements, five en-bloc bone pieces were cut for dual photon/ energy X-ray absorptiometry (DEXA) examinations: (1) left and right premaxillary/maxillary blocs cut at the medial side of the 1st molar (Fig. 5Aa) ; (2) mandibular symphysis bloc cut at the medial side of the 1st molar (Fig. 5Ab) ; (3) left and right mandibular corpus blocs with three molars (Fig. 5Ac ).
The DEXA scan was performed with a Norland XR-26 Mark II (Norland Inc, Fort Atkinson, WI). This instrument was calibrated daily and the setup for scanning resolution (0.5 mm × 0.5 mm), scan speed (35 mm/s) and scan width (300 mm) was confirmed at each session. Each bone piece was placed on the scan table, and the measurement was performed using smallsubject software (Host Software revision, 2.5.3a) and gathered as bone mineral density (BMD, g/cm 2 ) and bone mineral content (BMC, g) ( Fig. 4B ), similar to the use of DEXA for the whole body, head and other regions of the pig. 34
Statistics
Paired t-tests were first performed to examine the difference of measurements between left and right sides in each group. One-way ANOVA and Bonferroni post-hoc tests were used to examine body weight changes over time, and non-paired t-tests were used to detect the differences of body weight at each time points and DEXA values between the two groups. Probability levels of 0.05 or less were considered to indicate statistical significance for paired t and ANOVA tests.
Since the body weight was a covariance for cephalometric and osteometric measures, a Generalized Estimating Equation (GEE) model with independent working correlation clustering on each individual animal ID to the data for each measurement was applied in all variables of these two sources. The GEE was used to correct variance for repeated measurements on each animal. The model for each measurement was adjusted linearly for body weight and for time and intervention group and their interactions as factors. Each hypothesis was then tested through a contrast of the estimated parameters. The time trend in each group was examined separately, for differences between groups at each time point, and for any evidence of a difference between groups at any time point. A Bonferroni correction was used to account for multiple testing and the probability levels of 0.013 or less were considered to indicate statistical significance. For the measurements that were not repeated at successive times a linear regression of the parameter on bodyweight and intervention group with robust standard errors was adopted to do a t-test of difference in groups.
Results
Feeding behaviours and body weight
No noticeable feeding behaviour changes were identified in sham animals. Reduction animals were able to eat softened pig chow after the surgery and had almost the same daily food consumption as sham animals. However several feeding behaviour changes were noticed. These changes included using the mandible, rather than the anterior tongue, to ingest food into the oral cavity; a slightly distorted chewing rhythm, longer feeding sessions, food leaking from the mouth during chewing, and an "inertial" chewing/swallowing pattern (i.e. head moving and shaking while chewing and swallowing, a way of taking the advantage of gravity effect).
Over the 6-week experimental period, body weight increased progressively and significantly in both groups. A slight drop in body weight (∼3%) in the first postoperative week was seen in reduction animals. However, the catch-up followed from the second week (Fig. 6 ). There was no significant difference of body weight between the two groups at any time point. This fact indicated that the reduction surgery might not affect general health.
Craniofacial skeleton changes over time
The longitudinal distances between the implanted screws remained stable and demonstrated no evidence of interstitial growth within the bones. As summarized in Table 3 , over the period of 5 weeks (T0-T4), increases of all linear variables were identified. Of 16 and 13 linear variables from lateral and axial cephalometric radiographs respectively in both groups (Table  2) , significant increases over time (p < 0.013) were found in mandibular dorsal (Sm-Id) and ventral (Gp-Id) lengths, inter-maxillary canine (Mxc-Mxc'), bi-zygomatic (Zy-Zy') and bigonial (Gm-Gm') widths. Significant increases in premaxillary palatal (Pmx-Mxp) and mandibular symphysis (Pmx-Ms) lengths were only found in sham animals, and these numbers even became smaller over time in reduction animals. Of 13 angular variables, both groups showed significant increases in the angles of premaxilla to cranial vault (Pr-E-In), maxillary incisor to cranial vault (Ui-E-In), and mandibular antegonial notch (Gi-Mn-Me). Significant changes in gonial angle (Sm-Gp/Me-Gi) were in an opposite direction for each group, decreased in sham and increased in reduction groups over time.
No statistical difference in any variables was identified between sham and reduction groups at the initial time point (T0). Reduction animals exhibited significantly smaller values in premaxillary angle (Pr-E-Sp) and inter-maxillary canine width (Mxc-Mxc") at 2 weeks, and inter-mandibular 1st molar width (Md1-Md1') at 4 weeks. Consistent with the overall growth trend, premaxillary palatal (Pmx-Mxp) and mandibular symphysis lengths (Pmx-Ms) were significantly smaller in reduction animals at both 2 and 4 weeks ( Table 3 ).
DEXA examinations
As compared to sham animals, both BMD and BMC values of all bone blocs dropped about 4.8-16.5% in reduction animals. A significant decrease was found in the BMC of mandibular symphysis bloc (p < 0.05, Fig. 7 ).
Morphology of skull and dental arches
Postmortem skull measurements further revealed that, compared to sham animals, skeletal sizes and dental arches were significantly smaller in reduction animals in the following variables ( Fig. 4 and Table 4 ): mandibular ramus height (#1-2), anterior mandibular length (#4-5), the maxillary palatal length (#18-19), the posterior midfacial width (#11-11), the mandibular symphysis length (#4-21), the dorsal width of anterior mandible (#5-5), and the mandibular dental arch at canine (#25-25′). While these seven variables involved all three dimensions of craniofacial skeletons (height, width and length), five of them were related to the mandible alone (Fig. 4 ).
Discussion
As a large muscular organ, the tongue fills the majority of the oral cavity in most mammals. The argument for tongue volume reduction is that decreasing oral cavity volume through skeletal correction, such as mandibular set-back or maxillary Le Fort osteotomy, encroaches on the space for the tongue, thus causing relapse of the prognathism or forward positioning of the teeth. It has been generally accepted that volume increase in soft tissue induces osteogenesis at the growth site of the bone. 40 It has been claimed that the tongue growth and size influence midfacial control mechanism, which determines the growth of surrounding orofacial elements. 41 Studies also demonstrate that tongue volume has a measurable effect on jaw growth at certain time points. 27,42 Therefore, reducing tongue volume during the period of fast growth should lead to the serial alterations in craniofacial skeletal growth and dental arch formation. Available data on growth consequences following tongue volume reduction is extremely limited. Only a Germany team reported that partial glossectomy in young minipigs significantly reduced mandibular growth in length including overall and tooth-bearing portion, and in width of the region of the first deciduous molar and canine, but mandibular vertical growth was less affected. 26,28,29 These negative effects on the growth were identified in 12-week-old but not in 6-week-old minipigs 23 weeks after partial glossoectomy. 27 Unfortunately, these findings were determined one time at the end of experiment entirely from osteometric measurements on harvested mandibles. Longitudinal cephalometry and other changes in craniofacial structures were not obtained and assessed.
The pig grows very rapidly in a relatively short period of time, and the age of 12 weeks fits in this rapid growing period when the first permanent molar is erupting. 43,44 It has been demonstrated that, during rapid growth period, the pig's mandible increases in total length at the posterior and anterior borders, in ramus height at the condyle and inferior border, and in body at the alveolar and inferior borders. 43 Interestingly, although the overall increases in linear distances and angular alterations over time were considerably similar between the two groups, a volume-reduced tongue could slow down the overall lengthening of the premaxilla and mandibular symphysis region, the two osseous components composing of anterior mouth. Increasing in the gonial angle (Sm-Gp/Me-Gi, Table 3 ) over time in reduction animals as compared to decreasing in sham animals further suggested that a flatten gonial angle could be induced by a volume-reduced tongue. In addition to these findings, the present study also demonstrated that a volume-reduced tongue could lead to dental arch narrowing, typically in anterior dentition (Mxc-Mxc' and Md1-Md1′, Fig. 4 and Table 3 ). Furthermore, a significantly decreased premaxillary angle (Pr-E-Sp) in reduction animals might also attribute to the decrease of premaxillary length as discussed above.
The osteometric measures at the ending-time point (T4) are consistent with the cephalometric results in the widths of anterior mandible and dental arches (#5-5′ and #25-25′), and the length of anterior mandible (#4-5 and #4-21). Thus, narrowing and shortening in the anterior mandible and dental arch after reduction surgery were confirmed by both measures. However, significant decreases in the height of mandibular ramus (#1-2), the length of maxillary palatal process (#18-19), and the breadth of midface (#11-11′) in reduction animals were not identified in cephalometric measures. These inconsistencies might be due to the following reasons. First, because the landmark for condyle could not be defined, the measure for the ramus height was not available in cephalometrics. Given the fact that the condyle produces 80% of total ramus height, 43 this significant difference between the two groups in osteometric measures may suggest that a volume-reduced tongue has an negative effect on lengthening, and vertical growth of mandible. Second, premaxilla and the palatal process of maxilla are active growth/ remodelling fronts during midfacial development, 45 thus both skeletal components should be affected by a volume-reduced tongue during growth. However, significant changes were only found in cephalometrics for the premaxilla (Pmx-Mxp) and in osteometrics for the palatal process of maxilla (#17-18). It should be noted that despite not significant, measurements of premaxilla and maxilla showed smaller values in reduction than sham animals in both cephalometrics and osteometrics (Tables 3 and 4) . Considering a small sample size of the present study, these differences may reflect the true trend of negative effects of a volumereduced tongue on the premaxilla/maxilla complex. Third, while measurement of the midfacial breadth was not available in cephalometrics as measured in osteometrics (#11-11″), cephalometric measurements did demonstrate significant increases of bi-zygomatic (Zy-Zy') and bigonial (Gp-Gp') over time in both groups. Again, although not significant, smaller values of these measures were seen in reduction animals as compared to sham animals at the 4-week time point. Therefore, a volume-reduced tongue may also have a negative effect on the transverse expansion of the midface during growth.
Interestingly, although the above-mentioned growth effects by a volume-reduced tongue cover all three dimensions (width, height and length) in both the mandible and facial bones, the majority of these effects occurred around the anterior mouth or anterior dental arch, particularly in the mandibular symphysis and premaxilla (Figs. 3 and 4) . The volume reduction was performed on the anterior 2/3 of the tongue in the present study. During function, this portion of the tongue is thought to produce greater forces than does the tongue base. 46 Our previous study of in vivo functional loads of the tongue on surrounding skeletal surfaces revealed that the tongue produces more load in mandibular lingual surfaces than the premaxillary and maxillary palatal surfaces. These loads decrease in the anterior mouth (symphysis and premaxilla) after the volume reduction, whereas loads in the posterior mouth (mandibular corpus and posterior maxillary palatal surface) were less affected. 32 Therefore, the observed slow growth in the skeletal components of the anterior mouth might be related to the change in the local mechanical environment produced by a volume-reduced tongue, i.e., decrease of functional loads.
The present study not only reveals that the skeletal components of anterior mouth are mostly involved by a volume-reduced tongue, but also demonstrates that the mandible was affected more than the nasomaxillary skeletons in all length, width and height. This striking difference between upper and lower jaws was also confirmed by DEXA examinations in which the only significant decrease in bone mineral content was found in the mandibular symphysis bloc of reduction animals (Fig. 7) . Anatomically, the tongue is directly attached to the mandible through its musculature. Functionally, there is an inherent linkage between the tongue and mandible. 47 Furthermore, the mechanism of cranial/nasomaxillary postnatal growth is mostly attributed to sutures, distinctively different from that of mandible which mainly depends on appositional deposition through intra-membranous ossification at the borders and alveolar ridges, and on secondary cartilage through endochondrous ossification at the condyle. 48,49 Based on these, it is not surprising that the postnatal mandibular growth would be suppressed more than the other portion of the craniofacial skeletons by tongue volume reduction.
Taking the present results and previous loading study 32 together, on one hand it is suggested that the tongue volume reduction could lessen the chance of relapse after the surgical mandibular setback for correcting mandibular prognathism through the mechanism of reducing the functional loads, on the other hand it should be cautious that this procedure may slow the growth of craniofacial skeletons, both in size and mineralization, particularly in anterior mandible (symphysis region). Therefore, a long-term growth tracking is necessary for young subjects receiving this procedure alone for a true macroglossia or adjunctively along with other orthopaedic procedures (mandible setback, Le Fort osteotomy, etc.) for a relative macroglossia. Lateral (A) and axial (B) radiocephalograms. Arrows indicate implanted stainless screws for superimposition. The comparisons of bone mineral density (BMD, A) and bone mineral content (BMC, B) between sham and reduction groups. Max/Prem: maxillary/premaxillary bloc; Man.corp: mandibular corpus bloc; Man.symp: mandibular symphysis bloc. Measurements from left and right maxillary/premaxillary and mandibular corpus blocs were combined in each group. Asterisk indicates statistical significance between the two groups. Table 1 Changes of tongue dimensions and mass after surgery n/a n/a n/a n/a n/a n/a n/a n/a Table 4 Comparisons of measurements from skeletons and dental arches Refer to the legend of Fig. 2 for the abbreviations of variables.
